The progression of organ-confined prostate cancer to metastatic cancer is inevitably fatal. Consequently, identification of structural changes in the genome and associated transcriptional responses that drive this progression is critical to understanding the disease process and the development of biomarkers and therapeutic targets. In this study, whole genome copy number changes in genomes of hormone-naïve lymph node metastases were profiled using array comparative genomic hybridization, and matched primaries were included for a subset. Matched primaries and lymph node metastases showed very similar copy number profiles that are distinct from primary tumors that fail to metastasize.
Introduction
An estimated 30% of all prostate cancer patients suffer from recurrent disease after undergoing primary treatment (radical prostatectomy or radiation) [1] . Metastatic prostate cancer inevitably progresses to androgen independency, at which point it is essentially incurable. Due to early detection, the 5-year disease-specific survival rate is close to 100% in men with localized prostate cancer, but is only 34% in men with distant metastasis [1] . It appears that a high proportion of men initially presenting with apparently localized disease have undetectable metastases that eventually progress to life-threatening metastatic tumors. Therefore, developing diagnostic and therapeutic approaches for targeting metastatic disease holds considerable potential for improving the quality of life, treatment modalities, and survival rates of a significant proportion of patients with prostate cancer.
Prostate cancer often migrates through the lymphatic route, depositing tumor cells into pelvic lymph nodes. There have not been many publications to date on the genetic makeup of lymph node metastases of prostate cancer [2, 3] . This is partly due to the fact that lymph node metastases, particular those that are hormone-naïve, are hard to obtain. In the United States, a patient diagnosed with prostate cancer with clinical lymph node involvement rarely undergoes radical prostatectomy. We analyzed five hormone-naïve lymph node (HNLN) metastases and two matching sets of primary prostate cancers and their respective HNLN metastases. One matched set consisted of a primary prostate tumor and lymph node metastasis from a unilateral metastatic case, and the second consisted of a primary prostate tumor with bilateral lymph node metastases. Array comparative genomic hybridization (aCGH) was performed on all eight lymph node tumors, as well as on two primaries. We report our genomewide characterization of this set of tumors, highlighting frequent copy number aberrations (CNAs).
Materials and Methods

Tumor Samples
Five lymph nodes were obtained through a collaboration with the University of Ulm (Ulm, Germany). Fifteen-micron sections for each fresh frozen sample were sent. Hematoxylin -eosing stainings were reviewed by one pathologist (M.A.R.). Microdissection was not necessary due to the high percentage of tumors in the sections. Tumor tissue was directly placed into proteinase K (PK) cell lysis buffer (Promega, Madison, WI) with 20 ml of PK and then incubated at 55jC. An additional 20 ml of PK was added twice daily for 2 to 3 days. DNA was extracted using Promega's Wizard DNA purification kit. DNA was cleaned by two phenol/chloroform/isoamyl alcohol (25:24:1) extractions and then purified using 2-ml Eppendorf Phase Lock Gel Light tubes (Eppendorf, Westbury, NY). Finally, DNA was ethanol-precipitated with ammonium acetate, resuspended in 25 to 50 ml of 1Â Tris -EDTA (TE), and stored at 4jC. RNA was isolated by macrodissection for matched primary and HNLN cases (PR1263 and PR1264) using the RNeasy kit (Qiagen, Valencia, CA). TaqMan assay was carried out at the University of California at San Francisco (UCSF) Comprehensive Cancer Center's Genome Core.
aCGH
Human version 2.0 BAC arrays were purchased from the UCSF Array Core. Each array consists of 2460 BAC clones on chromium slides spotted in triplicate [4] . The resolution is approximately 1.4 Mb. We followed our published hybridization protocol [5] .
aCGH Statistical Analysis
Tumor/reference fluorescence intensity ratios were converted to log 2 domain, and replicate spots were averaged. Observed log 2 ratios were excluded if there were fewer than two (of three) usable replicate spots, or if the standard deviation of replicates was > 0.2. Each array was normalized to have a median log 2 ratio of 0. To identify gained and lost clones in individual samples, sample-specific thresholds were constructed [6, 7] . GEMCaP clones with log 2 ratios above or below (±) a tumor's threshold were considered gained or lost, respectively. A Microsoft Excel (Seattle, WA) macro written in our laboratory, was used to determine the percentage of aberrant GEMCaP loci based on inputted aCGH data and corresponding tumor-based threshold (TBT) for a given patient. All tumor aCGH data were analyzed with this macro. Frequent CNAs were plotted only using clones that were present in z 50% of samples.
Results
Whole genome aCGH was performed on eight HNLN tumors. Figure 1 displays the frequency of copy number changes across the whole genome for all eight hormonenaïve tumors. The numerical frequency for aberration, along with BAC clone names for this set of tumors, is provided in Table W1 . Sixty-three percent of the clones with increased copy number that were aberrant at a frequency of z 50% resided on chromosome 8. Similarly, 57% of frequently deleted clones (frequency of > 50%) mapped to chromosome 8. A summary highlighting some of the frequent (frequency of z 50%) CNAs identified by aCGH is shown in Table 1 . In addition, a list of candidate genes that directly map to, or near, an aberrant clone is provided in Table 1. aCGH was also performed on two primary tumors possessing matched HNLN tumors. The copy number profiles of matched primary and lymph node cases are shown in Figure 2 . The median Pearson correlation between primaries and their matched metastasis was 0.88, as opposed to 0.21 for unrelated samples. The smallest correlation among related samples was 0.85, and the largest correlation among unrelated samples was 0.49. Note that the direct test comparing distributions of correlations between matched and unmatched samples leads to P < 1e À04 (Wilcoxon rank sum test). Figure 3 shows a heat map of copy number changes across the genome of each tumor studied. The corresponding dendrogram also shows clustering of related samples. Aggregated hierarchical clustering with Ward method and Pearson correlation was used as a measure of similarity. We compared the genomic profiles of the eight HNLN metastases to our existing aCGH database, which consists of 19 distant metastatic tumors, 12 primary tumors that progressed by prostate-specific antigen failure and confirmed bone metastases, and 32 primary tumors that did not relapse biochemically. In regards to gains, four clones were gained with statistical significance ( P < .05) in > 20% of HNLN metastases, distant metastases, and primaries that progressed, but were gained in < 20% of nonprogressors. Fourteen clones met this criterion for losses. Clone names and their corresponding CNA frequencies are listed in Table 2 .
To evaluate some of the candidate genes identified in this study, existing and unpublished Affymetrix gene expression results for three lymph node tumors (HNLN8, HNLN12, and HNLN13) were queried. Gene expression for unmatched primary tumors was used for comparison. The following genes mapping to regions of copy number gain listed in Table 1 were represented on Affymetrix array: fatty acidbinding protein 5 (FABP5 ), tumor protein D52 (TPD52), nerve growth factor receptor (NGFR), myelocytomatosis viral oncogene homolog (MYC), protein inhibitor of activated STAT protein 3 (PIAS3), ADP ribosylation factor -like 2 (ARL2), sorting nexin 15 (SNX15 ), multiple endocrine neoplasia 1 (MEN1), ribosomal protein S3 (RPS3), chromobox homolog 8 (CBX8), and chromobox homolog 4 (CBX4). Table 3 shows the combined aCGH and expression results for HNLN8, HNLN12, and HNLN13. We further evaluated FABP5 with TaqMan using RNA from two matched primary HNLN cases (PR1263 and PR1264) that were not included in the Affymetrix gene expression study. FABP5 was selected because it was differentially and highly expressed in HNLN metastases compared to primaries (Table 3 ). There was a trend toward the upregulation of FABP5 in HNLNs in the case with concordant copy number change (PR1264HNLN), as well as in the case without it (PR1263) (Figure 4 ).
Discussion
Zitzelsberger et al. [3] performed CGH on a set of five HNLN metastases. A direct comparison with our aCGH results could not be made because CGH has a lower resolution. However, based on their published ideogram, they also observed gains involving 2p, 8q, 9q, 17, 20, and X, and losses involving 2p, 2q, 3p, 3q, 4q, 8p, 11q, 13q , and X ( Figure 1 ).
The majority of frequently deleted metastasis-associated regions in our tumor set map to chromosome 8p, which has been documented to be involved in prostate cancer [6, [8] [9] [10] [11] [12] . In a study of 64 primary tumors, we found 8p loss to be associated with advanced stage disease (pT z 3) [6] . Tumornode-metastasis stage z 3 indicates extracapsular extension and invasion of seminal vesicles or adjacent structures [13] .
When comparing expression levels in HNLNs to those in primary tumors, assuming that normal expression corresponds to a value of f 50, copy number gain corresponded to increased expression for all genes except NGFR and chromobox homologs (Table 3) . SNX15 showed only a slight increase in expression for the HNLN sample with copy number gain at that locus. Some genes were upregulated in primary tumors and HNLN metastatic tumors, namely, TPD52, FABP5, MYC, MEN1, and RPS3. MYC and FABP5 were the only genes queried that showed a large increase in expression for the HNLNs compared to high levels in primary tumors. We further validated FABP5 upregulation in matched primary HNLN cases (PR1263 and PR1264) using TaqMan (Figure 4 ). The HNLNs (HNLN8 and HNLN12) with high expression of TPD52 also had increased copy number at that locus. Interestingly, the nodal tumor HNLN13 did not show copy number gain at the TPD52 locus, but had increased expression of TPD52, suggesting an independent mechanism leading to aberrant TPD52 gene expression. This provides further evidence of the important role that TPD52 may play in cancer [14] . The trend of expression change without corresponding copy number change was also observed for RPS3, which has been shown to be upregulated in colon cancer [15] , and for the ARL2 and SNX15 genes, which both map to the 11q13 CNA locus.
Several putative metastasis-related genes that were identified in this study and validated by expression studies have been previously reported to be involved in prostate cancer. Two independent expression studies focusing on FABP5 found it to be upregulated in prostate cancer relative to normal prostate [16, 17] . In addition, a query of two whole transcriptome studies showed FABP5 to be upregulated in metastatic tumors (including lymph nodes) compared to primary and normal prostate tissues [2, 18] . FABP5 has been proposed to be a metastasis-inducing gene [17, 19] . Previous work has shown that FABP5 acts by upregulating vascular endothelial growth factor to induce invasion in vitro and metastasis in vivo [16, 19] . The candidate oncogene TPD52 has been found to be upregulated in prostate cancer at DNA, RNA, and protein levels [14] . The ARL2 and SNX15 genes map f 200 kb from MEN1. We previously reported MEN1 as Corresponding copy number data are also codified for reference. Gray represents copy number gain, and white indicates that normal copy number was observed. An expression level of f 50 is considered normal. a candidate oncogene in prostate cancer [6] . More specifically, copy number gain at the 11q13.1 locus associates with cases that fail biochemically following radical prostatectomy. MEN1 was found, with expression data, to be upregulated in three lymph nodes (HNLN8, HNLN12, and HNLN13), as well as in primary tumors. Only one of three nodes (HNLN8) had corresponding copy number gain. This stresses the importance of the role that MEN1 might play in prostate cancer. In addition, a query in the Oncomine expression database (http://www.oncomine.org) for upregulated genes provided similar results in Table 3 . The genes FABP5, TPD52, MYC, RPS3, and SNX15 had expression data available for HNLNs. Similar to our findings, these genes showed a trend toward increased expression in HNLNs [2] . We recently reported a set of 39 biomarkers, which we termed GEMCaP, that corresponds to regions of the human genome that are more frequently altered in primary prostate tumors recurring after surgical removal, as well as in actual metastases [6] . GEMCaP consists of 16 amplified loci and 23 deleted loci. Four of the amplified GEMCaP loci were among the frequent CNAs in this study (Table 1) . We have previously demonstrated that when > 20% of the GEMCaP loci are altered, patients are at high risk for recurrence following radical prostatectomy [20] . The eight HNLNs had copy number changes at 5%, 27%, 34%, 45%, 46%, 54%, 58%, and 60% of the GEMCaP loci. Therefore, seven of eight HNLNs fitted our criteria for an aggressive genotype. The entire GEMCaP results are supplied as Table W1 . The whole genome aCGH profile for the HNLN sample with only a 5% GEMCaP score possessed primarily deletions. We have observed this genotype in other sets of primary and metastatic tumors (data not shown). This deletion genotype appears to represent a small fraction (< 10%) of prostate tumors. In our aCGH database query (Table 2) , all four clones that were more frequently gained in metastatic tumors and primaries that progressed were GEMCaP clones. A similar analysis for deletions resulted in seven GEMCaP clones.
Our results show a high degree of concordance between the genomic copy number profiles of matched primary and metastasis cases. This is similar to what we observed in a cohort of unmatched primaries and metastatic tumors [6] . A CGH study by Zitzelsberger et al. [3] showed common changes for matched primaries and HNLN cases, but it only listed gains of 9q and 16 and loss of 13q as CNAs in common. Two previous reports that studied primaries and matched lymph node metastases by fluorescence in situ hybridization (FISH) reported that chromosomal changes in lymph node tumors resembled those from primary tumors [21, 22] . Even though FISH studies included only selected regions on chromosomes 7, 8, 10, 12, and 17, this is in line with our observations. This study emphasizes the importance of studying metastatic tumors, as well as primary tumors. Biomarkers of aggressive disease were found in HNLN metastatic lesions. Genomic profiles of matched primaries and lymph node metastases were found to be very similar. Studies such as these can highlight genomic changes in primary tumors that can be used for the early detection of aggressive tumors and, conversely, for the identification of patients who can safely elect active surveillance. In addition, these types of study can identify drug targets with associated biomarkers. Zhai Y, et al. (1998) . High resolution analysis of DNA copy number variation using comparative genomic hybridization to microarrays. Nat Genet 20, 207 -211. 
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